Abstract -This paper introduces control system design based sohvares. SIMNON and MATLAB!SIMULWK. for power electronics system simulation. A complete power electronics system typically consists of a rectifier bridge along with its smoothing capacitor. an inverter. and a motor. The system components. featuring discrete or continuous. linear or nonlinear. are modeled in mathematical equations. Inverter control methods, such as pulse-width-modulation and hysteresis current control. are expressed in either computer algorithms or digital circuits. After describing component models and control methods, computer programs are then developed for complete system simulation. Simulation results are mainly used for studying system performances such as input and output current harmonics, torque ripples. and speed responses. Key computer programs and simulation results are demonstrated for educational purpose.
Introduction
The function of a power electronics circuit can be rectification, from ac to dc, inversion, from dc to ac. or combination of both. Applications of power electronics circuits include switch-mode power supplies, motor drives, power line conditionings, and energy storages, etc. This paper is to introduce system simulation approaches for a commonly seen power electronics system which consists of a rectifier bridge along with its smoothing capacitor, an inverter. and a motor, as shown in Figure 1 .
Simulation of such a system involves modeling semiconductor devices and power circuit components, modeling motor and mechanical loads, and describing inverter and drive control algorithms.
Difficulties of simulating a power electronics system involve complicated component modeling, mix of analog and digital circuits, and wide range time constants [I] . Dynamic models can be represented in state space or nodal form. Simulator integration can be fixed or variable time step. Component behaviors can be linear. like inductor and capacitor, or nonlinear, like semiconductor devices and ac motors. Inverter control design can be continuous or discrete. in other words. analog or digital. Electricai time constants can be sub-micro seconds. like inverter control logic. to milli-seconds. like motor dynamic. ?vIechanical load time constant is in the range of seconds or ten's of seconds. Component thermal time constants are t)pically ten's of minutes. In summary, a complete power electronics system model is nonlinear with mixed analog and digital circuits and wide range of time constants. inverter Rsmher Figure 1 : A typical power electronics system consisting of a three-phase ac source, a rectifier bridge along with a smoothing capacitor, an inverter, and a motor.
The main purpose of computer simulation is to verify the design concept. Selecting a proper tool is critical to successful and efficient designs. One may choose circuit simulators such as SABER [Z] and PSPICE [3] or system simulators such as SIMNON [4, 5] and MATLABiSIMULINK [6, 7] to simulate a complete power electronics system. Typically, a circuit simulator provides interfaces to schematics and printed circuit board layout, while a system simulator provides interfaces to high level language programmings for embedded controller or digital signal processor designs. While circuit simulators are more appropriate for designing circuits and understanding detailed device switching behaviors. system simulators are more efficient for designing control systems and studying system performance. Examples of using system simulators to assist power electronics designs are inverter space vector modulation, ac machine vector control. and motor drive system fuzzy controller [&lo] . Examples of using system simulators to study system performance are input current harmonics. output motor current harmonics. torque ripples. and motor speed responses [ 1 1-1 21.
Following sections will show basic models of system components including a single-phase bridge rectifier, a threephase bridge rectifier, a sinusoidal PWM inverter control. a hysteresis inverter control, and an induction machine along with a mechanical load. System simulation based SIblNON Figure 5 shows the MATLAB plots of the simulated jingle-phase rectifier input voltage and current. The current waveform is highly distorted. This phenomenon has received a lot of attention in power industry. Varying the source inductance and the dc link capacitor will give different waveshapes. Figure 6 shows the harmonic contents of the simulated input current. This plot indicates that the current has rich odd harmonics with the third harmonic higher than SO percent. The total harmonic distortion (THD) is higher than 110 percent. I .
Rectifiers \lodeling and Simulation
Figure 6: Harmonic contents of the simulated single-phase rectifier input current. Similar to the single-phase rectifier circuit, for the purpose of analyzing input current harmonics. the three-phase rectifier circuit can be simplified into a dc equivalent model 1131. Because diodes conduct only when the instantaneous source voltage is higher than the dc link capacitor voltage, the dc equivalent voltage in each mode can be found by the difference of the maximum and the minimum instantaneous voltages. Consider six operation periods, M1-M6. shown in Figure 8 . Each period has the same dc equivalent voitage. 1 : .
Three-phase Rectifier Modeling and Simulation
For exampie. in mode M1, the dc equivalent voltage. Vt, is simply the voltage between phase a and phase b, or Vu,,. Program 3: SIMSON program list for the simplified threephase rectifier. Because the dc current conducts only ivhen the dc link voltage is higher than the dc link capacitor voltage. the dc equivalent circuit can be drawn in Figure 9 . \\hich is the same as that of the singie-phase rectifier except the equivalent voltage is obtained from the three-phase ac source. Similarly. the state equation can be expressed in (3) and (4) where the diode is assumed to have a constant voltage drop. VJrc,f. Although the equivalent circuit only has one dc link current. the three-phase currents can be recovered by the diode conducting conditions. Figure I O shows the simulated input phase current and voltage. The distorted current waveshape also affects the voltage at the rectifier side. Harmonic contents of the input phase current are shown in Figure 1 1 . The most significant harmonic is 5th. and the THD is 47 percent. Comparing to the above single-phase rectifier example. the three-phase rectifier has a better harmonic performance because of the elimination of triplen harmonics. One can change the inductor and capacitor values to see if the harmonic performance can be further improved.
The XIATLXBiSIMULINK program can be developed in the same Lvay as the single-phase example and is not repeated here. Notice that the rectifier models used in this paper are much simplitied. The phase current commutation process is not considered. and the rising edge of the phase current ma! not be correcrl!, presented. Figure 12 represents a typical inverter drive system which assumes a constant dc link voltage as the source and a threephase ac motor as the load. The motor normally drives a mechanical load which normally contains inertia and drag torques. The inverter supplies variable frequency and variable voltage to control the ac motor. This section will describe mathematical modeling and SIMNON simulation for induction motor and two different inverter control methods. 
Inverter Drives Modeling and Simulation Using SIMNON

State Space hlodeling of Induction Machine
The well-established synchronously rotational reference frame model of the induction machine is shown in Figure 13 [ 1J 151. In this equivalent circuit model, the input dq-voltages can be obtained from three-phase ac voltages through dqtransformation. and the circuit parameters can be obtaiwx from the steady-state model. The back emf is the product of the angular speed and the flux linkage. The stator and rotor dq-axes flux linkages can be expressed in (5) -(8). Using stator and rotor dq-currents, ids, iys, i , , and iqr, as the state variables. the state equations of the induction machine model can be derived from stator and rotor dq-axes loop equations.
State equations (9) - (12) show the derivation results. where
The above circuit model and equations only represent the electrical characteristics. For speed or torque control, it is necessary to consider the mechanical model. Figure 14 illustrates an equivalent mechanical model which uses the generated torque, T,, as the source, and the load torque, T,, as the load. The generated torque is a hnction of current and flux linkage, shown in (13), and the load torque is a function of inertia and drag coefficient. The equivalent circuit of the mechanical model contains a damping factor, D, the rotor inertia. J, and the frictional torque, q. The dynamic equation of the mechanical speed, a,,, can be expressed in (14). Equation (13) implies that the induction machine dynamic model is nonlinear. There are a number ways of controlling inverters for ac motor drives. Weil-known inverter control methods include sinusoidal pulse-width-modulation (PLIW), hysteresis current control. harmonic elimination, and space vector modulation. etc. The sinusoidal PWM method is straightforward and wellunderstood by most practicing power electronics engineers. The basic principie of the sinusoidal PWM method is to compare a sinusoidal phase reference wave. J$, with a triangular carrier wave. V,? and to generate the gate signals for the switching devices. as illustrated in Figure 15 . The peak value and frequency of the sine wave represent the magnitude ana the frequency of the desired output. The ratio between C;. and V , peak values is called "modulation index" which is normally less than 1 when the fundamental frequency is smaller than the based frequency. In this example. the based frequency is 60 Hz. the fundamental frequency is 50 Hz, the modulation index is 0.9? and the PWM switching frequency is 1 kHz.
. - Notice that the way SIlMNON program is written is very simular to the previously described algorithm. This inverter program is linked to the induction machine program listed in Program 4 and simulated a few cycles to reach the steady state. Figure 16 shows the simulated results of the sinusoidal PWM inverter output voltage and current for an induction machine. Figure 17 shows the simulated torque and speed responses for the inverter dnven induction machine. The program assumes a 7.5 Nm constant load torque and a 50 Hz reference fundamental frequency. Unlike the results obtained from a pure sinusoidal input, the inverter-driven machine has significant torque ripples. These ripples can be related to the phase current waveform shown in Figure 16 (c). The speed variation due to torque ripple is not significant because of the filtering effect of the motor inertia. 
Hysteresis Current Control Method
The hysteresis current controller has very fast torque response and is widely used in field oriented vector control system. Typical method is to compare the actual motor current with the reference current signal which is obtained from the vector control system. Figure 18 shows the circuit model of a hysteresis controller. A clock triggered flip-flop is employed to latch the state of the hysteresis comparator output. Figure  19 shows the circuit model of a master-slave flip-flop. 
Inverter Drive .Modeling and Simulation Using ,tlXTLAB/SIMULISK
Similar to rectifier circuit simulation. using the MATXB s-function is a convenient way for the inverter-motor system simulation. Figure 20 shows the complete block diagram for a sinusoidal PWM inverter based motor drive simulation system under SIMCIULINK environment. The sinusoidal PWM inverter consists of two blocks --"waves" for the waveform generator and " P W I " for the comparators and the inverter bridge circuit. Input signals to the inverter include timing clock. fundamental frequency, modulation index, and carrier frequency. Output signals from the inverter are three-phase voltages. The stage between the inverter and the induction motor is to transform the three-phase voltages into dq-axes voltages under synchronously rotational reference frame. The induction motor is represented in a MATLAB s-function. and the output signals from the motor include three-phase currents. rotor angle. speed. and torque. The core part of the induction machine simulation is the sfunction. The structure of the s-function has been described in the rectifier circuit examples. Program 7 lists the MATLAB sfunction for induction machine simulation under SIMULINK environment.
State equations and output variables are calculated in this program, but not the machine model and parameters which are listed in the other program and can be used for other purposes such as frequency response and stability studies. In this example, the s-function program calls "im3dat.m" to obtain machine parameters and the electrical model of a 3-hp induction machine. The derivatives of stator and rotor dq-currents are obtained from matrix multiplication. and the output phase currents are obtained from the classicai dq transformations. ,1seif f l a g -1
X r e t u r n derivatives % w i t h s t a t e variables l i s t below X x(l)=iqs. x (2) Because the nature of MATLAB is to do matrix computation, it is more convenient to express the induction machine model in the classical matrix format. i. e., x = A x + B u , a n d
In ( Using 3-Nm as the load torque and 60 Hz as the input fundamental frequency, the complete inverter-motor system was simulated for 1 second. Figure 23 shows the time-domain responses for inverter output phase currents in three fundamental cycles. Figure 24 shows the simulated motor output torque and the load torque.
Note that in the SIMULINK block diagram (Figure lo) , the output variables can be displayed on scopes and passed back to MATLAB so that these variables can be plotted using powerful MATLAB "plot" functions. 
Discussions and Conclusions
This paper has successfully demonstrated power electronics system simulation using control system design based softwares, SIMNON and MATLABISIMULINK. Both softwares are not expensive and have some common features as described below.
(1) Construct simulation programs using building blocks ( 7 ) Utilize simplified switch models for power converters. functions.
Despite both softwares share some common features.
The following there are some discrepancies between them.
. discussions are some observations comparing SIMNON and MATLAB/SIMULMK in power electronics system simulations.
Ease of Use
In general, the SIMNON program is more straightforward and easy to learn because it is a dedicated simulation software.
The new "SIMNON for Windows" further provides user friendly interfaces. However. the SIMULINK has graphical interfaces for building blocks. Beginners may find it convenient to start with. To avoid an overwhelming block diagram, it is better to exchange data between MATLAB and SIMULINK. The main difficulty comes from understanding of MATLAB linkage, especially the s-function. For an ordinary MATLAB user. the SIMULINK may be a good choice. A good example should help accelerate learning process.
Analvsis CaDabilities
SIMNON only provides time domain responses. To do circuit design or frequency domain analysis, it requires a separate tool. SIMULINK is similar to SIMNON, but it can share data with MATLAB which is a very powerful computing tool. There is no doubt that MATLAB and SIMULINK combination will provide solutions to both analysis and simulation. The graphical capability of MATLAB is a big plus to design and analysis.
Simulation Speed
Due to a wide range of time constants in the power electronics system components, the simulation speed is always a problem. When using SIMULINK to simulate the entire inverter-motor system, one may feel extremely frustrated with :he computer speed. Constantly passing data to and from MATLAB is the main reason that causes SIMULMK slowdown. The SIMULINK accelerator or C Code Generator may provide a solution with a cost penalty.
